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ABSTRACT

There have been mixed results in studies investigating proportional
reasoning in young children. The current study aimed to examine
whether providing visual scaling cues and structuring the reasoning
process can improve proportional reasoning in 5- to 6-year-old children. In a series of computerized tasks, children compared the sweetness of 2 mixtures. Each mixture was represented by a juice rectangle
stacked on top of a water rectangle. Two rectangles shared the same
width but were of same or diﬀerent heights. The mixtures were
scaled by either changing their widths or their heights. In
Experiment 1, children’s performance was poor when judging equivalent proportions. In Experiment 2, the 2 mixtures were individually
previewed to encourage individual estimation of each mixture and
thereby allow participants to strategically reason about the relative
proportions. Children performed signiﬁcantly better than in
Experiment 1. In Experiment 3, children explicitly rated the sweetness
of each preview mixture. Performance did not improve relative to
Experiment 2. Throughout all 3 experiments, children were more
sensitive in detecting equivalence when scaling occurred along the
width compared with the height, demonstrating the eﬀectiveness of
visual-spatial scaling cues. Together, these experiments suggested
that visuospatial scaling cues and structuring the 2-step reasoning
process using previews can improve 5- to 6-year-olds’ proportional
reasoning with certain limitations.

A proportion refers to a quantity of something that is part of a whole. Proportional
reasoning involves the process of inferring relations between proportions. Piaget &
Inhelder (1975) also called it the understanding of “relation between relations.” The
relations between the numerator and the denominator within each proportion represent
ﬁrst-order relations. Comparing the relations between proportions would be reasoning
about second-order relations (Spinillo & Bryant, 1991). The concept of proportionality is
closely related to other math concepts such as ratios and fractions. Together, they form the
foundations for more advanced algebra curricula (Ben-Chaim, Keret, & Ilany, 2007;
Karplus, Pulos, & Stage, 1983). It is also used in daily problem-solving (Boyer & Levine,
2012; Lamon, 2005). For instance, we adjust the amounts of ﬂour and water when making
bread according to the number of servings needed. The goal of the current study was to
investigate 5- to 6-year-old children’s intuitive proportional reasoning and the factors that
inﬂuence their judgments of proportionality.
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Emergence of proportional reasoning
Intuitive proportional reasoning typically refers to the process of inferring relations
between nonsymbolic proportional representations that are visual-perceptually depicted
(Ahl, Moore, & Dixon, 1992; Boyer & Levine, 2012). It does not rely on one’s ability to
understand the mathematical symbols of proportions and their related concepts, and
hence, it is diﬀerent from numeric or symbolic proportional reasoning (Matthews &
Chesney, 2015).
Early studies of proportional reasoning revealed fairly limited proportional reasoning
abilities in children younger than 12 years old (Piaget & Inhelder, 1975; see also Moore,
Dixon, & Haines, 1991). In a juice mixture task, Noelting (1980a, 1980b) asked children to
compare the sweetness of two mixtures made of varied numbers of juice and water cups.
Relatively few 6-year-olds (i.e., 3 of 14) correctly solved problems when mixtures had
equivalent ratios but diﬀerent absolute quantities (e.g., two juice cups and two water cups
vs. three juice cups and three water cups).
More recent studies showed that children younger than 12 years old may have a
primitive understanding of proportional reasoning (e.g., Boyer & Levine, 2012, 2015;
Boyer, Levine, & Huttenlocher, 2008; Jeong, Levine, & Huttenlocher, 2007; Möhring,
Newcombe, & Frick, 2015; Möhring, Newcombe, Levine, & Frick, 2016; Schlottmann,
2001; Sophian & Wood, 1997; Spinillo & Bryant, 1991, 1999). Several researchers have
supported its emergence during the kindergarten ages. Möhring et al. (2015) presented 4to 5-year-old children with juice mixtures represented by diﬀerent juice and water
rectangles and asked them to indicate the mixtures’ sweetness on a rating line. Despite
the wide variations, 38% of children deviated from the correct answer by less than 2 cm on
average on the 12-cm rating line (see also Goswami, 1989; Seiden, 2011), indicating at least
some primitive knowledge about proportions.
Factors that inﬂuence proportional reasoning
Children’s intuitive proportional reasoning may be fairly limited, however. More speciﬁcally, the observation of intuitive proportional reasoning in young children, particularly
preschoolers, depends on several factors. For example, using a relatively small scaling
factor, using the concept “half,” using familiar task materials (e.g., juice), using continuous
rather than discrete quantities, and employing part–part rather than part–whole presentations can inﬂuence the performance of young children (e.g., Boyer et al., 2008; Boyer &
Levine, 2012, 2015; Jeong et al., 2007; Spinillo & Bryant, 1991, 1999; however, see Möhring
et al., 2015).
Scaling
One prerequisite for successful proportional reasoning is being able to understand
equivalent proportions for diﬀerent absolute quantities following scaling. Scaling involves
the multiplication of the numerator and the denominator by the same operator (Boyer &
Levine, 2012). As a result, the quantities of the numerator and the denominator change by
the same extent (e.g., both by twofold). Yet the relationship between them remains the
same as before the scaling (e.g., 1/2 = 2/4; 2/3 = 6/9). For young children, the recognition

JOURNAL OF COGNITION AND DEVELOPMENT

3

of equivalence is more diﬃcult with scaled relative to unscaled proportions. Moreover,
when the scaling magnitudes increase, children’s performance decreases (Boyer & Levine,
2012; Möhring et al., 2015, 2016). One explanation is that children may be attempting to
solve the problem by mentally expanding or shrinking the absolute quantities (Boyer &
Levine, 2012), which is a costly mental transformation process (Vasilyeva & Huttenlocher,
2004).
In addition to magnitude, another factor pertinent to scaling is scaling dimension,
which refers to the speciﬁc feature of the visual display that changes as a function of the
scaling that takes place. Scaling dimension can be divided into contrasting and shared
dimensions. The former involves the key contrasting dimension of the numerator and the
denominator, resulting in diﬀerent changes of the two quantities. The latter involves the
shared dimension of the numerator and the denominator, resulting in similar changes of
the two quantities.
This concept can be illustrated in an example. Suppose two identical rectangular
containers are stacked on top of one another. Each container has the dimensions of height
and width. Width is deemed a shared dimension because when the two containers touch
each other, they share the width. Height is deemed a contrasting dimension because the
heights of two containers are spatially detached and apart. We can scale the two containers
by increasing their sizes. We can either increase the heights or increase the widths of both
containers. Obviously, increasing widths (shared dimension) makes it relatively easier to
judge the new ratio relationships between the two containers because width is shared and
the proportional change is directly available. In contrast, it is not as easy when heights
(contrasting dimension) are increased because one has to gaze back and forth between the
heights of two containers and compare the new heights of the containers. In other words,
the proportional change is only available through some form of visual manipulation or
mathematical computation. Note that for visual-spatial presentations of proportional
relations, the determination of contrasting and shared dimensions depends on the speciﬁc
spatial arrangements of the two quantities. Suppose we place two containers side by side,
touching each other on the height dimension. Height would then become a shared
dimension because of the physical overlapping of the two containers, whereas width
would become a contrasting dimension because of their physical separation.
The distinction between shared and contrasting scaling dimensions can also be applied
to other proportional reasoning conditions. For example, consider there are 9 solid balls
among 16 balls on a pool table. The 9 solid balls and the 7 striped balls share the
7
dimension of size (i.e., 2 16
inches in diameter (61.5 mm)), hence the shared dimension.
Yet they are diﬀerent in number (i.e., 9 solid vs. 7 striped), hence the contrasting
dimension. If we scale the balls equivalently on the dimension of size (e.g., using 2 inches
in diameter), the proportional change is again directly available. If we scale the balls
equivalently on the dimension of number (e.g., 18 solid vs. 14 striped), the change is
diﬀerent for solid and striped balls and the proportional change is only available through
complex visual manipulation or computation. In summary, for visual-spatially presented
objects, scaling can involve more than one dimension. The contrasting dimension highlights the key diﬀerence between two quantities, whereas the shared dimension highlights
the key similarities between two quantities.
Studying contrasting versus shared scaling dimensions has important theoretical implications. The general consensus is that math abilities, particularly when problems are
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presented visually, are fostered by various visual-spatial reasoning abilities (e.g., Battista,
1990; Crocker, Riley, & Mattson, 2015; Hegarty & Kozhevnikov, 1999; Sherman, 1979).
Considering that nonsymbolic proportional representations are presented visually, it is
important to identify what visual-spatial features promote the intuitive proportional
reasoning process. Additionally, the current study helps modify the position that scaling
leads to a cognitive cost (Vasilyeva & Huttenlocher, 2004). We proposed that scaling is
associated with a smaller cognitive cost when scaling occurs along the shared dimension
relative to when it occurs along the contrasting dimension.
Practically, studying the impact of scaling dimension may help identify visual-spatial
features that promote intuitive proportional reasoning processes, which may in turn help
educators develop better ways to teach children proportional concepts. Experience with
the shared dimension may also help in solving scaling problems for the contrasting
dimension. For instance, Singer-Freeman and Goswami (2001) provided 3- and 4-yearolds with prior experience about the equivalency of diﬀerent models that were divided in
the same way (e.g., 1/4 of pizza vs. 1/4 of a box of chocolates) and therefore involved the
shared scaling dimension. Relative to no prior experience, it helped children to apply
proportionality when the diﬀerent models were divided diﬀerently (e.g., pizza was divided
into four slices vs. the box of chocolates being divided into eight parts); hence, they scaled
along the contrasting dimensions in addition to the shared dimensions.
Most recent studies on proportional reasoning have only scaled along the contrasting
dimension (e.g., Boyer & Levine, 2012; Boyer et al., 2008; Möhring et al., 2015, 2016). For
instance, in Möhring et al. (2015), red and blue rectangles were stacked on top of each
other to represent juice and water. However, the researchers only scaled along the
contrasting dimension so that the heights of the red and blue rectangles varied. They
did not vary the shared dimension of width. On the other hand, although some earlier
studies have varied more than one spatial dimension (e.g., Siegler & Vago, 1978; Sophian,
2000; Spinillo & Bryant, 1991), few have systematically investigated the impact of scaling
dimension. For instance, in Spinillo and Bryant (1991), white and black rectangles were
placed in a box. Children needed to examine the ratio relations between the rectangles
inside the target box and choose another box of diﬀerent size that had the same ratio
relations as the target box. The researchers varied the height and width of the box as well
as the spatial arrangements of the two rectangles as top/bottom or left/right (see also
Noelting, 1980a, 1980b). Although one can argue that these previous studies had varied
spatial dimensions (e.g., Siegler & Vago, 1978; Sophian, 2000; Spinillo & Bryant, 1991),
scaling dimensions were not systematically manipulated to permit an analysis of its eﬀect.
Taken together, a better understanding of intuitive proportional reasoning requires a more
systematic look at how scaling dimension inﬂuences the reasoning processes for children.
Reasoning complexity
Another factor that inﬂuences children’s judgment of proportionality has to do with the
complexity of the two-step reasoning process. Children need to ﬁrst understand the ﬁrstorder proportional relations, such as the relations between the numerator and the
denominator, and then need to process the second-order relations, which involves comparing the relations between two proportions (Spinillo & Bryant, 1991). This issue has
been particularly relevant in several studies in which two proportions were presented at
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the same time (e.g., Boyer & Levine, 2015; Fujimura, 2001; Moore et al., 1991) and
children needed to plan their reasoning steps. Young children may ﬁnd it diﬃcult to
integrate multiple cognitive steps (Siegler & Vago, 1978), which can involve a large
contribution from working memory (Sheppard & Cheatham, 2017). They may perform
steps out of order, leave out some steps altogether, or/and respond compulsively (e.g.,
Vurpillot, 1976). They may not take an analytical and systematic approach that adults
often use. That may be why children are able to process the relationships within each
proportion but not necessarily between two proportions. Empirical studies have also
shown that the mistakes that children make when judging proportions can partly be
attributed to comparing the same parts (e.g., just the numerator or just the denominator)
across two proportions instead of evaluating the relations within each proportion ﬁrst
(e.g., Boyer & Levine, 2015; Fujimura, 2001; Moore et al., 1991). With immature planning
skills (Bishop, Aamodt-Leaper, Creswell, McGurk, & Skuse, 2001; Bull, Espy, & Senn,
2004), young children would be relatively incompetent at suppressing and inhibiting the
more intuitive process of comparing the same parts across two proportions. As a result,
they would reach the last step of comparison without ﬁnishing the necessary initial
computation stage.
Intuitive proportional reasoning has so far been operationally deﬁned in terms of using
visual, nonsymbolic stimuli and/or participants’ lack of formal knowledge of proportions
(e.g., Ahl et al., 1992; Boyer & Levine, 2012). Nevertheless, we propose that successful
proportional reasoning of visually presented stimuli still needs support from other fundamental cognitive processes including visuospatial perception (as in scaling dimension) and
planning. In general, children perform better when they are provided with structures (e.g.,
scaﬀolding) to systematically execute the multiple cognitive steps during the reasoning
process (Lowe et al., 2014; Pentimonti & Justice, 2010). Regarding proportional reasoning,
explicitly instructing ﬁrst and second graders about cognitive steps improved their performance when comparing the fullness of two water jars (Siegler & Vago, 1978). Fourth
graders also beneﬁted from calculating the concentration of each mixture ﬁrst before
comparing two mixtures (Fujimura, 2001). The current study explored whether previewing one proportion at a time before presenting two proportions, an easily implemented
and relatively simple change of procedure, would improve children’s proportional reasoning by providing scaﬀolding for the reasoning process.
Current study
The goal of the current study was to evaluate 5- to 6-year-olds’ intuitive knowledge of
equivalent proportions and how scaling dimension and structuring the reasoning process
may impact their proportional reasoning. Because 5- to 6-year-old children have received
little formal mathematical education, studying this age group should help describe the
early emergence of the intuitive understanding of proportionality. Examining the eﬀect of
scaling dimension helps illustrate how visuospatial features and attention directed to
speciﬁc visual features play a role in intuitive proportional reasoning. The current study
also structured the reasoning process so that children can execute the multiple reasoning
steps more strategically and systematically. Each individual proportion was previewed
before the two proportions were presented simultaneously. Hence, participants were
forced to process ﬁrst-order proportional relations ﬁrst before processing second-order
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proportional relations. Together, manipulating the scaling dimension and structuring the
reasoning process may have pedagogical implications for helping children better understand equivalent proportions.

Experiment 1
Participants
Using G*power 3.0.10 software, we found that a minimum of 24 participants were required
to detect the main eﬀect of scaling dimension with a medium eﬀect size (Cohen’s f = 0.25), an
alpha of .05, a power of .80, and a correlation among repeated measures of .65. We recruited
30 children aged 5 years to 6 years old from a local kindergarten in Southern China. Four
children judged all mixture pairs to be inequivalent for the third phase. They either did not
understand the task instruction or were unable to conduct any form of proportional reasoning. The average age of the remaining 26 participants was 6;3 (range = 5;8–6;9,
SD = 3.0 months; 14 boys). All the 5- to 6-year-old children had limited exposure to
rudimentary mathematical concepts such as counting and simple math operations (e.g.,
addition, subtraction) and had not been taught about proportion/ratio/fraction concepts.
Each child was tested individually in a playroom. Testing took 10 min to 15 min. All
recruiting and testing procedures followed the ethical guidelines of the university.
Materials
The materials were patterned after those of Möhring et al. (2015) and Boyer et al. (2008).
Two mixtures were positioned one third to the left and the right edges of the screen. Each
mixture was made of one blue rectangle, representing water, stacked on top of one red
rectangle, representing juice. The two rectangles of each mixture always had the same
width. The smallest rectangle was 1.2 cm × 1.2 cm representing one unit of juice or one
unit of water. We refer to mixtures based on this basic unit as unscaled and mixtures
based on multiples of this unit as scaled throughout the article. In the unscaled condition,
the unit ratios between juice and water were 1:1, 1:2, and 2:1. In the scaled condition, the
juice and water rectangles were scaled by 2 or 3 times, resulting in unit ratios of 2:2, 2:4,
4:2 or 3:3, 3:6, 6:3. The scaled condition was further divided into two conditions:
contrasting and shared. In the contrasting condition (Möhring et al., 2015), the heights
of the two rectangles were increased by 2 or 3 times while the widths were not scaled. In
the shared condition, the heights of the two rectangles were not scaled, but the widths
were increased by 2 or 3 times. See Figure 1a–b for examples. See Appendix A for all the
scaled and unscaled mixtures.
Design & procedure
After being greeted, the child participants were given two pretests. The ﬁrst was an
arithmetic test on counting, addition, and subtraction (see Appendix B). Then children
were told a story about a bear who loves a mixture of cherry juice and water. Children
needed to answer how the mixture would taste after adding water or adding juice, the
sweetness test (see Appendix C).

JOURNAL OF COGNITION AND DEVELOPMENT

7

Next the experimenter demonstrated the main task. The children were ﬁrst shown the
left mixture of Figure 1e on a piece of paper, and the right mixture was covered. They
were asked how sweet it would taste when mixed (e.g., a little sweet, somewhat sweet, very
sweet). They were also instructed to compare the amounts of the red juice and the blue
water (i.e., the same). The same procedure was repeated for the mixture on the right side
of Figure 1e with the left mixture covered. The experimenter then revealed both mixtures
and asked children, “Which one do you think is sweeter?” If the child’s response was
incorrect, the demonstration trial was repeated and the experimenter further explained the
task and/or gestured that the juice and the water “doubled” from the left to the right. After
the participant verbally conﬁrmed that s/he understood the task and had given the correct
answer, the main task began.

A.

B.

C.

D.

E.

Figure 1. Examples of experimental materials. Note. Figures a and b were the equivalent trials and
both presented 1:1 versus 2:2 ratios. Figure a was the shared condition and Figure b was the
contrasting condition. Figure c and Figure d were the inequivalent trials and both presented 2:1 vs.
2:4 ratios. Figure c was the shared condition and Figure d was the contrasting condition. Figure e was
used in the demonstration and not in the testing.
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Comparison
Preview 2
Preview 1
Fixation
Press 'F' or Spacebar

+

Press Spacebar
Press Spacebar

500ms

Time

Figure 2. Trial procedure of Experiment 2.

The main task was presented via E-prime 2.0 software on a 33.8 cm laptop computer.
Participants were asked to judge and compare the taste of two mixtures. They needed to
press the F key if they judged the tastes to be the same and the spacebar if they judged the
tastes to be diﬀerent. There were three phases. The ﬁrst phase was composed of 6 practice
trials. Three unique ratios of juice and water were used: 0:1 (i.e., only water), 2:0 (i.e., only
juice), and 1:8. The resulting ratio pairs were 0:1 versus 0:1, 2:0 versus 2:0, and 1:8 versus
1:8 (for 3 equivalent trials) and 0:1 versus 2:0, 1:8 versus 0:1, and 2:0 versus 1:8 (for three
inequivalent trials). The second phase was the unscaled condition and included 12 trials.
Three base ratios (1:1, 1:2, and 2:1) generated 6 unique mixture pairs (1:1 vs.1:1, 1:1 vs.1:2,
1:1 vs. 2:1, 1:2 vs. 1:2, 1:2 vs. 2:1, 2:1 vs. 2:1), which were then repeated twice. The third
phase was the scaled condition and included two blocks of 24 trials each. Each trial was
composed of two mixtures at diﬀerent scales. There were 12 unique mixture pairs: 1:1 vs.
(2:2, 3:3, 2:4, 4:2), 1:2 vs. (2:4, 3:6, 4:2, 6:3), and 2:1 vs. (2:4, 3:6, 4:2, 6:3). Each unique pair
was presented twice per block—once scaled in the contrasting condition and once scaled
in the shared condition. There were equal numbers of equivalent and inequivalent mixture
pairs in each phase and each block. See Appendix D for a breakdown of trials in each
phase. Equivalent trials were given priority over the inequivalent trials, especially for the
accuracy and reaction time (RT) analyses, because children could use methods other than
proportional reasoning such as observing an absolute diﬀerence in one part across two
mixtures to reach the correct conclusions. However, responses from both equivalent and
inequivalent trials were used for the calculation of the sensitivity index.
Trials within each phase and each block were randomized. The two mixtures’ speciﬁc
positions (e.g., on the left or right side) on the screen were randomly determined and
counterbalanced across trials. Each trial started with a ﬁxation cross lasting for 500 ms,
followed by the comparison display, and ended when participants made a response.
Reaction times (in milliseconds) and accuracy were automatically recorded. Breaks were
provided after each block and each phase. Before the third phase of the scaled condition,
the experimenter reminded the participants that the two mixtures could taste the same
even if they looked diﬀerent.
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Results
In all analyses, the Greenhouse-Geisser method was used whenever sphericity was not met
in analysis of variance (ANOVA). Bonferroni correction was used for post-hoc
comparisons.
Pretests
Participants in this experiment and the two following experiments answered nine arithmetic questions and four sweetness questions. Accuracy was measured for each task. For
brevity, descriptive statistics from all three experiments are presented in Table 1, and the
cross-experiment analysis is presented here. One-way ANOVA showed no diﬀerence
between the three experiments in either the arithmetic test, F(2, 73) = 2.21, p = .118, or
the sweetness test, F(2, 73) = 2.37, p = .101, indicating that participants in the three
experiments were comparable on basic arithmetic knowledge and their conceptual understanding of mixtures.
The unscaled condition (i.e., the second phase)
Accuracy was high, ranging from 75% to 100%. Twenty-two of the 26 children answered
all questions correctly. This ﬁnding may not be surprising because detecting any diﬀerence
between two mixtures would lead to the correct decision of nonequivalence and identical
mixtures would lead to the correction decision of equivalence. Therefore, performance in
the unscaled condition may not have reﬂected proportional reasoning, but simply detecting a diﬀerence.
The scaled condition (i.e., the third phase)
Accuracy and the sensitivity index (A’)
The overall accuracy per participant was 66.3% (SD = 8.5%) and ranged from 52.1% to
89.6%. For detailed accuracy statistics, see Table 2. We used hit rate (H), correctly
responding equivalent in equivalent trials, and false-alarm rate (FA), falsely responding
equivalent in inequivalent trials, to calculate the sensitivity index. We used A’ (Donaldson,
1993; Pollack & Norman, 1964) instead of d’ because A’ is more accommodating to H and
FA of 0 and 1, which were prevalent in our study (e.g., 13 of 18 participants had an FA of
0 in the contrasting condition). A’ is also more robust than d’. The formulas were:
A0 ¼

1
ðH  FÞ ð1 þ H  FÞ
þ
if H  F
2
4Hð1  FÞ

(1)

and
Table 1. Means and standard deviations (in parentheses) in the pretests.
Experiment 1
Experiment 2
Experiment 3

Arithmetic Test
8.46 (0.76)
8.69 (0.62)
8.83 (0.48)

Sweetness Test
3.38 (0.94)
3.42 (1.10)
2.88 (0.90)

Note. Based on participants’ responses in three experiments, the range was 7 to 9 for the arithmetic test and 0 to 4 for
the sweetness test.
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Table 2. Means (standard deviations in parentheses) in Experiment 1.
Equivalent
Accuracy
Reaction times (ms)

Contrasting
0.19 (0.21)
3,256 (1,687)

A0 ¼

Inequivalent
Shared
0.66 (0.36)
2,846 (1,155)

Contrasting
0.98 (0.04)
2,790 (1,144)

1
ðF  HÞ ð1 þ F  HÞ
þ
if H < F:
2
4Fð1  HÞ

Shared
0.92 (0.20)
2,673 (1,372)

(2)

Both the contrasting and the shared conditions contained equivalent and inequivalent
trials. Hence, we calculated A’ for the contrasting and the shared conditions separately.
The higher the A’ value, the more sensitive it was to detect equivalence. A paired-sample t
test suggested a signiﬁcantly higher A’ in the shared condition (M = 0.83, SD = 0.13) than
in the contrasting condition (M = 0.75, SD = 0.12), t(25) = 2.43, p = .023, Cohen’s
d = 0.48.
Reaction times
We obtained median RTs for all the trials and conducted a 2 (response type: equivalent vs.
inequivalent) × 2 (scaling dimension: shared vs. contrasting) ANOVA. The main eﬀect of
response type was signiﬁcant, F(1, 25) = 5.24, p = .031, η2p = .17,with faster RTs in judging
inequivalent trials (M = 2,731) than in equivalent trials (M = 3,051). The other eﬀects were
not signiﬁcant. A subsequent analysis of only the correct trials yielded the same pattern of
results.
Individual analyses
The binomial distribution indicated that to exceed chancel level (α < .05, two tailed),
participants needed to correctly answer on at least 10 of the 12 trials. The majority of
children were consistently correct on 10 or more trials in the inequivalent conditions: 77%
for the shared condition and 100% for the contrasting condition. By contrast, in the
equivalent conditions, 31% of the children were correct on 10 or more trials for the shared
condition and none reached 10 trials for the contrasting condition.
Discussion
Accuracy was low and RTs were longer in the equivalent condition relative to the
inequivalent condition. Additionally, scaling cues in the shared condition signiﬁcantly
increased sensitivity in detecting equivalence. Performance in the equivalent trials was
poor. This ﬁnding is notable especially considering that particular care had been taken
to make sure that the choice of the stimuli (continuous quantities) and the task format
were more suitable for testing young children. Children were also provided the
proportion of one half as an anchor (Spinillo & Bryant, 1991, 1999) as we employed
three proportions that were at, less than, and greater than half (one half, one third, two
thirds). The failure of these materials to elicit optimal performance also ruled out the
possibility that any good performance that we might observe in the following experiments was due to the speciﬁc materials we used because the same materials were used
throughout three experiments.
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The goal of Experiment 2 was to examine whether it was possible to improve children’s
proportional reasoning by structuring the reasoning process and allowing them to process
each mixture separately prior to judging the equivalence of the two mixtures. Each
proportion was previewed ﬁrst before the two proportions were presented simultaneously.
Hence, children were encouraged to evaluate the ﬁrst-order proportional relations within
each mixture during the preview and then use them for the second-order proportional
comparisons. It may also limit the likelihood of directly comparing the same part (e.g.,
only juice) across two proportions.

Experiment 2
Participants
Twenty-six children ages 5 and 6 years old participated (Mage = 6;7, range = 5;9– 6;10,
SD = 3 months; 9 boys).

Method
The primary materials were the same as in Experiment 1, and participants again completed the arithmetic and sweetness pretests. The unscaled condition was not included
because most participants performed at or near ceiling. The main task was composed of
only two phases: the practice trials and the scaled condition of Experiment 1. Experiment
2 also incorporated a preview procedure. See Figure 2. For each trial, participants
previewed the two mixtures one at a time before seeing two mixtures side by side. For
the practice trials, which mixture was previewed ﬁrst was randomly determined. For trials
in the scaled condition, the unscaled mixture was previewed ﬁrst and the scaled mixture
was previewed second. In addition, to provide a stable reference, we always presented the
unscaled mixture on the right side of the monitor. At the beginning of the main task,
participants were told they would ﬁrst see the mixtures one at a time and needed to decide
how sweet each was because they would later compare the sweetness of the two. For each
preview, participants pressed the spacebar to proceed.

Results
Preview
On average, participants spent 707 ms (SD = 923 ms) on the ﬁrst preview and 683 ms
(SD = 882 ms) on the second preview.
Accuracy and sensitivity (A’)
The average accuracy was 91.50% (SD = 3.99%; range = 83.33%–97.91%). See Table 3. A
paired-sample t test suggested a signiﬁcantly higher A’ in the shared condition (M = 0.99,
SD = 0.01) than in the contrasting condition (M = 0.92, SD = 0.04), t(25) = 10.08, p < .001,
Cohen’s d = 1.98.
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Table 3. Mean (standard deviations in parentheses) in Experiment 2.
Equivalent
Accuracy
Reaction times (ms)

Contrasting
0.70 (0.15)
4,204 (1,833)

Inequivalent
Shared
0.99 (0.03)
3,412 (1,827)

Contrasting
0.98 (0.04)
3,681 (1,688)

Shared
0.99 (0.03)
3,511 (1,654)

Reaction times
Like in Experiment 1, we analyzed median RTs of all the trials in a 2 (response type:
equivalent vs. inequivalent) × 2 (scaling dimension: shared vs. contrasting) ANOVA. The
main eﬀect of scaling dimension was signiﬁcant, F(1, 25) = 8.95, p = .006, η2p = .26, with
faster RTs in the shared condition (M = 3,461) than in the contrasting condition
(M = 3,943). The interaction was signiﬁcant, F(1, 25) = 5.54, p = .027, η2p = .18. Posthoc tests suggested a signiﬁcant beneﬁt of the shared condition relative to the contrasting
condition only for the equivalent trials (mean diﬀerence [MD] = 792, p = .001) and not for
the inequivalent trials (MD = 170, ns). When the same analysis was conducted on RTs of
only the correct trials, only the main eﬀect of scaling dimension was signiﬁcant, F(1,
25) = 19.99, p < .001, η2p = .44, with faster RTs in the shared condition (M = 3,537) than
in the contrasting condition (M = 4,503).
Individual analyses
All 26 participants (100%) were correct on 10 or more trials in the inequivalent
contrasting, inequivalent shared, and equivalent shared conditions. However, in the
equivalent contrasting condition, only 35% (9 children) reached 10 correct responses or
more.

Discussion
Through preview, we have signiﬁcantly increased participants’ accuracy in the equivalent
conditions overall and the equivalent shared condition in particular. When provided with
a preview, children were faster, more accurate, and more sensitive in the shared condition
than in the contrasting condition. The preview may have encouraged participants to
estimate the proportional magnitude within each mixture. However, the accuracy was
still rather low, around 70%, for the equivalent contrasting condition. Experiment 3
examined whether accuracy in the equivalent contrasting condition could be further
improved by having children engage in deeper processing of the ﬁrst-order proportional
relations. Although our focus was on the equivalent shared condition, we included the
other three conditions (i.e., equivalent shared, inequivalent shared, and inequivalent
contrasting conditions) to balance the type of response across trials, despite participants
performing at ceiling on these trials in Experiment 2. Including the other three conditions
also made Experiments 2 and 3 comparable in terms of test materials. Deeper encoding
was achieved by having participants provide explicit ratings on the sweetness of each
mixture during preview. A deeper encoding of the individual mixtures could ensure ﬁrstorder judgments were available when the two mixtures were compared. On the other
hand, if the proportional estimates of the individual mixtures were already adequate for
accurate judgments and other mechanisms were responsible for the low accuracy in the
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equivalence contrasting condition, then producing overt ratings would probably not
beneﬁt children’s performance.

Experiment 3
Participants
Twenty-seven children participated. Three failed to complete the task due to diﬃculty
comprehending the task or lack of interest. The ﬁnal sample included 24 children ages 5
years to 6 years old (Mage = 6;4, range = 5;8– 6;8, SD = 4 months; 13 boys).
Method
The main materials and procedures were the same as in Experiment 2 except for the
following. During each preview, participants were asked to explicitly indicate how sweet
the mixture was on a 3-point scale and press the corresponding keys (i.e., 1 = not very
sweet, 2 = a little sweet, 3 = very sweet). Children could take as much time as they needed
during each preview.
Results
Preview
Two participants’ data were excluded from the preview analysis because they pressed the
spacebar for the second preview. On average, participants spent 4.2 s (SD = 3.2 s) on the
ﬁrst preview and 4.0 s (SD = 2.9 s) on the second preview.
We were interested in whether children gave ratings consistent with the proportional
values of the mixtures and whether the ratings were impacted by scaling dimension.
Hence, we analyzed ratings of the scaled mixtures in a 3 (proportion values: 1:2, 1:1;
2:1) × 2 (scaling dimension: contrasting vs. shared) ANOVA. As expected, the main eﬀect
of proportion values was signiﬁcant, F(2, 42) = 53.63, p <.001, η2p = .72, with increasingly
larger ratings (i.e., 1.62, 2.28, 2.88) for the three increasing proportion values. All other
eﬀects were not signiﬁcant.
Main task
Accuracy and sensitivity (A’)
Overall accuracy was 87.63% (SD = 7.92%; range = 62.5%–100%). See Table 4. A pairedsample t test suggested signiﬁcantly higher A’ in the shared condition (M = 0.94,
SD = 0.12) than in the contrasting condition (M = 0.88, SD = 0.10), t(23) = 3.81,
p = .001, Cohen’s d = 0.78.
Table 4. Means (standard deviations in parentheses) in Experiment 3.
Equivalent
Accuracy
Reaction times (ms)

Inequivalent

Contrasting

Shared

Contrasting

Shared

0.69 (0.17)
6,962 (3,849)

0.95 (0.13)
3,850 (1,761)

0.95 (0.10)
4,683 (2,409)

0.91 (0.13)
5,151 (4,126)
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Reaction times
A 2 (response type: equivalent vs. inequivalent) × 2 (scaling dimension: shared vs.
contrasting) repeated-measures ANOVA was conducted on median RTs in all the trials.
The main eﬀect of scaling dimension was signiﬁcant, F(1, 23) = 7.81, p = .01, η2p = .25,
with faster RTs in the shared condition (M = 4,501) than in the contrasting condition
(M = 5,823). The interaction was signiﬁcant, F(1, 23) = 2,4.35, p <.001, η2p = .51. Reaction
times were faster in the shared condition relative to the contrasting condition for the
equivalent ratios (MD = 3,112, p <.001), but not for the inequivalent ratios (MD = 468, ns).
A similar analysis conducted on RTs of only the correct trials yielded the same pattern of
results in addition to a signiﬁcant main eﬀect of response type, F(1, 23) = 12.19, p = .002,
η2p = .35, with faster RTs when judging inequivalent ratios (M = 4,371) compared with
equivalent ratios(M = 7,710).
Individual analyses
Similar to Experiment 2, 100% of the participants responded correctly on 10 or more trials
in all the conditions except the equivalent contrasting condition in which only 21% (ﬁve
children) did so.

Discussion
The preview results suggested that children were indeed able to give ratings that were
consistent with the proportional values of the mixtures. Nevertheless, the preview ratings
did not seem to increase the accuracy of children’s judgments in the equivalent contrasting condition compared with Experiment 2. Next, we compared performance across the
three experiments.

Cross-experiment analyses
Accuracy
Accuracy in the inequivalent conditions can be due to simple detection of any quantity
diﬀerences between two mixtures. These results are not particularly meaningful in evaluating children’s judgments of proportions. Hence, we only examined accuracy of the
equivalent conditions. For the equivalent contrasting condition, a one-way ANOVA
indicated a signiﬁcant main eﬀect of experiment, F(2, 73) = 22.19, p < .001. Post-hoc
tests suggested signiﬁcantly better performance in Experiment 2 than in Experiment 1,
p < .001, and in Experiment 3 than in Experiment 1, p < .001. There was no diﬀerence
between Experiments 2 and 3.
For the equivalent shared condition, we employed a nonparametric Kruskal-Wallis test
due to non-normal distributions and unequal variances. Results suggested a signiﬁcant
diﬀerence between three experiments, χ2(2) = 44.96, p < .001. Post-hoc tests again
suggested signiﬁcantly better performance in Experiment 2 than in Experiment 1,
Mann-Whitney U = 57.0, p < .001, and in Experiment 3 than in Experiment 1, MannWhitney U = 43.5, p < .001. There was no diﬀerence between Experiments 2 and 3.
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Sensitivity (A’)
The 3 (experiments) × 2 (scaling dimension: contrasting vs. shared) ANOVA on A’
revealed a signiﬁcant main eﬀect of experiment, F(1, 73) = 32.52, p < .001, η2p = 0.47.
A’ was higher in Experiments 2 (M = 0.96) and 3 (M = 0.91) than in Experiment 1
(M = 0.79), ps < .001. The main eﬀect of scaling dimension was also signiﬁcant, F(1,
73) = 33.65, p < .001, η2p = .32, with higher A’ in the shared condition (M = 0.92) than in
the contrasting condition (M = 0.85). The interaction was not signiﬁcant.
Reaction times
We conducted a 3 (experiments) × 2 (response type: equivalent vs. inequivalent) × 2
(scaling dimension: contrasting vs. shared) mixed ANOVA on median RTs for all the
trials. The main eﬀect of experiment was signiﬁcant, F(1, 73) = 9.88, p < .001, η2p = .21,
with signiﬁcantly slower RTs in Experiment 3 (M = 5,190) than in both Experiment 1
(M = 2,891) and Experiment 2 (M = 3,702; p < .001 and p = .017, respectively). The main
eﬀect of scaling dimension was signiﬁcant, F(1, 73) = 11.14, p = .001, η2p = .13. The
interaction between experiment and scaling dimension was signiﬁcant, F(2, 73) = 10.02, p
< .001, η2p = .21. The interaction between response and scaling dimension was signiﬁcant,
F(1, 73) = 25.49, p < .001, η2p = .26. The three-way interaction between experiment,
response, and scaling dimension was also signiﬁcant, F(2, 73) = 19.93, p < .001, η2p = .35.
See Appendix E. Post-hoc tests suggested that children responded slower in Experiment 3
than in Experiment 1 for the inequivalent contrasting condition (MD = 2,125, p = .002),
for the inequivalent shared condition (MD = 2,306, p = .007), and for the equivalent
contrasting condition (MD = 4,172, p < .001). Children responded slower in Experiment 3
than in Experiment 2 in the equivalent contrasting condition (MD = 2,757, p = .001). The
same analyses on RTs of only the correct trials indicated the same results except for one
additional signiﬁcant simple eﬀect. Children also responded slower in Experiment 2 than
in Experiment 1 for the inequivalent contrasting condition (MD = 1,784, p = .007). In
essence, when participants were encouraged to explicitly process the individual proportions through preview, decision making was signiﬁcantly slower. This ﬁnding was especially evident in Experiment 3.

Discussion
The current study examined proportional reasoning in 5- to 6-year-old children
through a series of three experiments that presented variations on a juice mixture
task. In Experiment 1, we simply presented two mixtures depicting equal and
unequal proportions at diﬀerent scales. We made deliberate eﬀorts to make sure
that the task was relatively “easy” in the eyes of the observers through methods such
as using parity judgment format, the concept of half, and only three irreducible
ratios. The goal was to examine whether 5- to 6-year-olds still experienced diﬃculty
when materials were presented in optimal fashion. The overall performance was still
very poor for the equivalent trials. Experiment 2 structured the reasoning process by
previewing the individual mixtures one at a time prior to comparing them. This
preview aimed to encourage processing proportional relations within each mixture
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and to discourage comparing the same parts across two proportions. The ceiling
eﬀects on inequivalent trials were not meaningful in that children could use methods
other than proportionality, such as just observing a diﬀerence in one part, to reach
correct conclusions. However, the accuracy in equivalent trials also improved, suggesting a use of proportionality when making the parity judgment. In Experiment 3,
children explicitly rated the sweetness of each mixture during the preview phase.
This rating aimed to encourage deeper processing of ﬁrst-order proportional values.
Accuracy in the contrasting equivalent condition did not change relative to
Experiment 2. However, RTs were slower in this condition. Apparently, deeper
processing of the ﬁrst-order proportions did eﬀectively encourage thinking more
about the proportions but did not result in greater accuracy. Overall, our study
suggested that children can beneﬁt from visuospatial features and procedural modiﬁcations that help them conduct proportional reasoning more systematically and
strategically.
Scaling dimension
Overall, our study suggested that scaling dimension impacts nonsymbolic proportional reasoning for young children. Even 5- to 6-year-olds were able to use the
visuospatial scaling cues (Siegler & Vago, 1978; Spinillo & Bryant, 1991), aﬀorded by
the shared relative to the unique feature. This ﬁnding was also consistent with the
proposition that understanding proportions and ratios has a perceptual foundation
early in development (Sophian, 2000) and is closely related to how the numerators
and denominators were visual-spatially presented (e.g., Boyer et al., 2008; Möhring
et al., 2016). Scaling dimension cues were useful across all three experiments. This
ﬁnding was particularly notable in Experiment 1. Despite overall low accuracy
without preview, as a group, children still demonstrated higher sensitivity in the
shared condition than in the contrasting condition. This ﬁnding further suggested
that the use of scaling dimension may be a rather intuitive or automatic process. By
6 years old, children may be able to use visuospatial features when making proportional judgments.
Our study has implications for understanding the cognitive cost of scaling for proportional reasoning found in previous studies. We found a lower cognitive cost when scaling
was along the shared dimension than when scaling was along the contrasting dimension.
We suggest that the process of mentally expanding or shrinking quantities per se may not
be responsible for the cognitive cost observed for scaling (Boyer & Levine, 2012; Frick &
Newcombe, 2012; Vasilyeva & Huttenlocher, 2004). Instead, it was only when the mental
scaling process involved changes in unique features of two quantities that scaling had a
cost. For the shared conditions, there were shared changes of the quantities. One can
ignore or remove the common scaling factor, hence reducing the process of mentally
expanding/shrinking two quantities to minimal.
Structuring the reasoning process
In our study, the preview procedure helped to structure the reasoning process and it
signiﬁcantly improved children’s performance. Based on Siegler and Vago (1978), we
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suggest that successful proportional reasoning in the current study constituted four steps:
understanding the instructions, attending to the amount of juice and water within each
mixture, assessing the relative sweetness of each mixture, and comparing the sweetness of
two mixtures. Young children’s inadequacy in planning, integrating, and executing multiple cognitive steps in relatively complicated tasks (e.g., Berg, Strough, Calderone, Meegan,
& Sansone, 1997; Tecwyn, Thorpe, & Chappell, 2014) may have accounted for their poor
performance in Experiment 1. The preview procedures in our study structured the
reasoning process so that young children would be more likely to estimate the proportional magnitude within each mixture ﬁrst before comparing the two. Similarly, Siegler
and Vago (1978) found that speciﬁc instructions on sequencing the reasoning steps,
together with providing feedback, signiﬁcantly increased 7- to 10-year-olds’ employment
of proportionality in their proportional reasoning task.
The preview procedure in our study also bears some resemblance to that used in
Boyer et al. (2008) who presented the target mixture ﬁrst and then the two choice
alternatives next. However, they did not ﬁnd performance improvement for their
ﬁrst graders. Procedural discrepancies may account for the diﬀerent results. In Boyer
et al., children may still have compared quantities of the same type (e.g., just juice)
across two choice alternatives, which were presented simultaneously. In our study,
mixtures were previewed one at a time, which may have been more conducive to
independent estimations. Additionally, in Boyer et al., children needed to remember
the target mixtures because they did not appear in the decision displays. In comparison, our tasks may have had a smaller working-memory demand because we
presented the two previewed mixtures in the decision displays.
Further encoding of ﬁrst-order proportion values
Explicitly labeling the preview mixtures’ sweetness in Experiment 3 was intended to
encourage deeper encoding of the ﬁrst-order relations. However, accuracy in the
equivalent shared condition did not improve relative to Experiment 2. Participants
were even slower in the key condition of the equivalence contrasting condition. This
ﬁnding was not due to the ineﬀectiveness of the preview ratings. In fact, during
preview, children rated the mixtures consistently with their actual proportional values
such that higher values were given higher ratings. As indicated earlier, it appears that
the enhanced processing of individual mixtures did result in participants spending
more time thinking about the comparison. Unfortunately, some important information
must still be missing because it did not result in improved performance. It may be that
coordinating information from two independent sources remains diﬃcult even when
the information is explicitly available.
Another reason why the preview ratings did not further improve performance may
be that ﬁrst-order proportional values were already relatively automatic to access once
previewed. In a recent study, Matthews and Chesney (2015) suggested that it can be
easy, fast, and intuitive to estimate nonsymbolic ratio magnitudes from visual stimuli.
They asked adult participants to compare two ratios in cross-format with one represented as Arabic fractions (e.g., 2/9) and the other represented as paired dots (e.g., 33
dots over 150 dots) or paired circles. Participants demonstrated numerical distance
eﬀects, which resulted in an analog magnitude representation system of nonsymbolic
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fractional values via perceptual access. This intuitive sense of fraction magnitudes may
be comparable to that of whole numbers (i.e., approximate number system), which
helps one perceive and judge fractional values from visually presented stimuli. It is still
unclear whether 5- to 6-year-olds automatically activate nonsymbolic fraction representations similar to adults (Matthews & Chesney, 2015) or to 7-year-olds using small
Arabic numbers (Bugden & Ansari, 2011; Laski & Siegler, 2014). However, if they do
(Bugden & Ansari, 2011; Jacob, Vallentin, & Nieder, 2012), children should have been
able to perceptually estimate the proportional magnitudes from the visual stimuli in
our study. That is, they could probably obtain intuitive ﬁrst-order proportional values
eﬀortlessly. In this case, an additional aid (i.e., rating and labeling) to help an alreadyeﬃcient process may not yield as big a beneﬁt.
Because our study did not provide feedback, children may not have learned to
correct and adjust their responses accordingly (Fazio, Kennedy, & Siegler, 2016; Siegler
& Vago, 1978). This choice was purposeful because we were interested in children’s
current understanding of proportionality. However, future studies may choose to
examine whether providing feedback can further improve children’s performance.
Taken together, although both Experiments 2 and 3 increased the overall accuracy,
accuracy for the equivalent contrasting condition was still around 70%. Children ages
5 to 6 years old exhibited diﬃculty when scaling was along the contrasting dimension.
Their diﬃculty could not be completely removed by engaging a more structured
reasoning process and deeper processing of the individual proportions.

Implications
Our study suggests that 5- to 6-year-olds had a propensity to respond “diﬀerent” in our
parity judgment task whenever the proportions did not look identical. This ﬁnding was
supported by the high accuracy in the inequivalent trials and relatively low accuracy in the
equivalent trials throughout three experiments. This ﬁnding is not surprising given children’s diﬃculties with equivalent proportions (e.g., Boyer & Levine, 2012, 2015). Children
would need to use the second-order proportional relations to make correct judgments while
ignoring the fact that the absolute quantities of two equivalent proportions were also
diﬀerent. Also relevant here is that our inequivalent responses were more salient than the
equivalent responses because the former were associated with the spacebar whereas the
latter were associated with the “F” key. Together, task format, presentation method, and
response mechanism may all impact children’s performance on proportional reasoning.
Our study may have implications for teaching equivalent fractions and proportions.
One traditional method presents fractions as shaded parts of a whole (Dorgan, 1994) and
demonstrates proportionality equivalence regardless of the number of parts into which the
whole is divided. For instance, one slice when a pie is divided into two slices (1/2)
represents the same proportion as four slices when the same pie is divided into eight
slices (4/8). However, one problem with this process is that the amount per unit is
diﬀerent in two situations (1/2 vs. 1/8). Children also need to count the number of pies
to activate the whole number knowledge system, which follows diﬀerent arithmetic
principles than the fraction knowledge system does (Boyer & Levine, 2015; Boyer et al.,
2008; Siegler, 2016).
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Based on our study and previous studies (e.g., Boyer & Levine, 2015), an additional
method to teach the concept of equivalent proportions may be to present children with
continuous types of quantities (e.g., juice liquid) scaled along the shared dimension. It
seems that children have a much easier time understanding ratio equivalence when scaling
occurs along the shared dimension. Building on this intuitive knowledge may help the
conceptual understanding of equivalent proportions and that of proportionality in general
(Siegler, 2016; Sophian, 2000). Additionally, the preview eﬀects suggest that teachers may
further capitalize on the learning procedures to help children conduct proportional
reasoning in a more strategic and structural way. For instance, children may be taught
to plan their reasoning and to process each proportional/fractional relation ﬁrst before
jumping into more complex arithmetic operations.
Conclusion
Proportions and ratios, though important, have been diﬃcult mathematical concepts
for children to understand (Bar, 1987; Siegler et al., 2012). It is important to study the
intuitive understanding of proportionality in young children so that we can design
curricula to either engage children’s intuitive knowledge or make children aware of
their preexisting misconceptions. The current study supports the view that preschoolers do have intuitive knowledge about equivalent proportions (e.g., Boyer et al., 2008;
Duﬀy, Huttenlocher, & Levine, 2005; Möhring et al., 2015; Seiden, 2011; Sophian,
2000). Furthermore, preschoolers’ proportional reasoning can be improved with additional visuospatial features and the addition of structure to the reasoning process.
Future studies should continue to explore how other perceptual and cognitive factors
impact children’s proportional reasoning.
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Appendix A
Stimuli used in the experiments
1:2

1:1

6:3

6:3*

3:3*

2:1

3:3

4:2*

4:2

3:6*

2:4*

2:4

2:2*

3:6

2:2

Note. The ﬁrst row includes the unscaled mixtures. The second and third rows include scaled mixtures.
The ratio is marked directly above each mixture. * denotes scaling along the shared dimension.
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Appendix B
1.
2.
3.
4.
5.
6.
7.
8.
9.

Can you
Can you
If I have
If I have
If I have
If I have
If I have
If I have
If I have

help me count from 1 to 20?
help me count from 4 to 20?
one apple and you have one orange, how many pieces of fruit do we have?
two apples and you have one orange, how many pieces of fruit do we have?
two apples and you have two oranges, how many pieces of fruit do we have?
ﬁve apples and you have seven oranges, how many pieces of fruit do we have?
three apples and you take two from me, how many apples do I have now?
four apples and you take one from me, how many apples do I have now?
13 apples and you take 4 from me, how many apples do I have now?

Appendix C
The experimenter read the following script:
The little bear is not very smart and sometimes he gets confused about whether the juice is
sweeter or lighter. There are a few questions about the taste of the juice. Would you like to help the
little bear ﬁgure them out?
Question 1: The mother bear made some juice with one cup of jam and two cups of water. Then
she added more water to the juice. So compared with before, did the new juice taste sweeter, lighter,
or the same? (The experimenter provides no feedback for this question.)
Question 2: The mother bear made some juice with one cup of jam and two cups of water. Then
she added more jam to the juice. So compared with before, did the new juice taste sweeter, lighter,
or the same? (The experimenter provides no feedback for this question.)
Question 3: The mother bear made some juice with two cups of jam and one cup of water. Then
she added more water to the juice. So compared with before, did the new juice taste sweeter, lighter,
or the same? (In case of a wrong answer, the experimenter would correct the child.)
Question 4: The mother bear made some juice with two cups of jam and one cup of water. Then
she added more jam to the juice. So compared with before, did the new juice taste sweeter, lighter,
or the same? (In case of a wrong answer, the experimenter would correct the child.)

Appendix D

Trials in each phase of Experiment 1

First Phase
Second Phase
One Block of the Third Phase
(Note. There were two blocks)

0:1 vs. 0:1e
0:1 vs. 2:0
1:1 vs. 1:1e
1:2 vs. 2:1
1:1 vs. 2:1
1:1 vs. 2:2 e
1:1 vs. 2:2*e
1:2 vs. 2:4e
1:2 vs. 2:4*e
2:1 vs. 2:4
2:1 vs. 2:4*

2:0 vs. 2:0e
1:8 vs. 0:1
1:1 vs. 1:2
2:1 vs. 2:1e
1:2 vs. 1:2e
1:1 vs. 3:3e
1:1 vs. 3:3*e
1:2 vs. 3:6e
1:2 vs. 3:6*e
2:1 vs. 3:6
2:1 vs. 3:6*

1:8 vs. 1:8e
2:0 vs. 1:8
1:1 vs. 2:1
1:1 vs. 1:1e
1:2 vs. 2:1
1:1 vs. 2:4
1:1 vs. 2:4*
1:2 vs. 4:2
1:2 vs. 4:2*
2:1 vs. 4:2e
2:1 vs. 4:2*e

1:2 vs. 1:2e
1:1 vs. 1:2
2:1 vs. 2:1e
1:1 vs. 4:2
1:1 vs. 4:2*
1:2 vs. 6:3
1:2 vs. 6:3*
2:1 vs. 6:3e
2:1 vs. 6:3*e

Note. The letter “e” denotes equivalent proportions. * denotes mixtures that are scaled along the no-contrasting dimension.
Trials within each phase were randomized.
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Appendix E

The Figure of Reaction Times (median)

8000

Exp1
Exp2
Exp3

7000

RTs(ms)

6000
5000
4000
3000
2000
1000
0

Contrasting

Shared

Equivalent

Contrasting

Shared

Ineqvivalent

Note. For each condition, reaction times (RTs) were based on all the trials (instead of only the correct
trials). Error bars represent standard errors.
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